Objective: Tracheal intubation in PICUs is a common procedure often associated with adverse events. The aim of this study is to evaluate the association between immediate events such as tracheal intubation associated events or desaturation and ICU outcomes: length of stay, duration of mechanical ventilation, and mortality. Study Design: Prospective cohort study with 35 PICUs using a multicenter tracheal intubation quality improvement database (National Emergency Airway Registry for Children: NEAR4KIDS) from January 2013 to June 2015. Desaturation defined as Spo2 less than 80%. Setting: PICUs participating in NEAR4KIDS. Patients: All patients less than18 years of age undergoing primary tracheal intubations with ICU outcome data were analyzed. Measurements and Main Results: Five thousand five hundred four tracheal intubation encounters with median 108 (interquartile range, 58-229) tracheal intubations per site. At least one tracheal intubation associated event was reported in 892 (16%), with 364 (6.6%) severe tracheal intubation associated events. Infants had a higher frequency of tracheal intubation associated event or desaturation than older patients (48% infants vs 34% for 1-7 yr and 18% for 8-17 yr). In univariate analysis, the occurrence of tracheal intubation associated event or desaturation was associated with a longer mechanical ventilation (5 vs 3 d; p < 0.001) and longer PICU stay (14 vs 11 d; p < 0.001) but not with PICU mortality. The occurrence of severe tracheal intubation associated events was associated with longer mechanical ventilation (5 vs 4 d; p < 0.003), longer PICU stay (15 vs 12 d; p < 0.035), and PICU mortality (19.9% vs 9.6%; p < 0.0001). In multivariable analyses, the occurrence of tracheal intubation associated event or desaturation was significantly associated with longer mechanical ventilation (+12%; 95% CI, 4-21%; p = 0.004), and severe tracheal intubation associated events were independently associated with increased PICU mortality (OR = 1.80; 95% CI, 1.24-2.60; p = 0.002), after adjusted for patient confounders. Conclusions: Adverse tracheal intubation associated events and desaturations are common and associated with longer mechanical ventilation in critically ill children. Severe tracheal intubation associated events are associated with higher ICU mortality. Potential interventions to decrease tracheal intubation associated events and oxygen desaturation, such as tracheal intubation checklist, use of apneic oxygenation, and video laryngoscopy, may need to be considered to improve ICU outcomes. (Pediatr Crit Care Med 2017; 18:310-318) Key Words: adverse events; intensive care unit; intubation; outcomes; pediatric T racheal intubation (TI) is one of the most common procedures in the PICU and can lead to severe hypoxemia and other life-threatening complications (1, 2). Adverse TI associated events (TIAEs) and hypoxemia below 80% during TI occur in approximately 15% and 13% of TIs, respectively (2, 3). Compared with healthy patients undergoing TI (e.g., during anesthesia for elective surgery), critically ill patients are at a much higher risk for adverse events during TI (4). Adverse TIAEs may lead to increased morbidity and mortality in critically ill children and have been used as quality improvement (QI) and patient safety indicators (5).
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Objective: Tracheal intubation in PICUs is a common procedure often associated with adverse events. The aim of this study is to evaluate the association between immediate events such as tracheal intubation associated events or desaturation and ICU outcomes: length of stay, duration of mechanical ventilation, and mortality. Study Design: Prospective cohort study with 35 PICUs using a multicenter tracheal intubation quality improvement database (National Emergency Airway Registry for Children: NEAR4KIDS) from January 2013 to June 2015. Desaturation defined as Spo2 less than 80%. Setting: PICUs participating in NEAR4KIDS. Patients: All patients less than18 years of age undergoing primary tracheal intubations with ICU outcome data were analyzed. Measurements and Main Results: Five thousand five hundred four tracheal intubation encounters with median 108 (interquartile range, 58-229) tracheal intubations per site. At least one tracheal intubation associated event was reported in 892 (16%), with 364 (6.6%) severe tracheal intubation associated events. Infants had a higher frequency of tracheal intubation associated event or desaturation than older patients (48% infants vs 34% for 1-7 yr and 18% for 8-17 yr). In univariate analysis, the occurrence of tracheal intubation associated event or desaturation was associated with a longer mechanical ventilation (5 vs 3 d; p < 0.001) and longer PICU stay (14 vs 11 d; p < 0.001) but not with PICU mortality. The occurrence of severe tracheal intubation associated events was associated with longer mechanical ventilation (5 vs 4 d; p < 0.003), longer PICU stay (15 vs 12 d; p < 0.035), and PICU mortality (19.9% vs 9.6%; p < 0.0001). In multivariable analyses, the occurrence of tracheal intubation associated event or desaturation was significantly associated with longer mechanical ventilation (+12%; 95% CI, 4-21%; p = 0.004), and severe tracheal intubation associated events were independently associated with increased PICU mortality (OR = 1.80; 95% CI, 1.24-2.60; p = 0.002), after adjusted for patient confounders. Conclusions: Adverse tracheal intubation associated events and desaturations are common and associated with longer mechanical ventilation in critically ill children. Severe tracheal intubation associated events are associated with higher ICU mortality. Potential interventions to decrease tracheal intubation associated events and oxygen desaturation, such as tracheal intubation checklist, use of apneic oxygenation, and video laryngoscopy, may need to be considered to improve ICU outcomes. (Pediatr Crit Care Med 2017; 18:310-318) Key Words: adverse events; intensive care unit; intubation; outcomes; pediatric T racheal intubation (TI) is one of the most common procedures in the PICU and can lead to severe hypoxemia and other life-threatening complications (1, 2) . Adverse TI associated events (TIAEs) and hypoxemia below 80% during TI occur in approximately 15% and 13% of TIs, respectively (2, 3) . Compared with healthy patients undergoing TI (e.g., during anesthesia for elective surgery), critically ill patients are at a much higher risk for adverse events during TI (4) . Adverse TIAEs may lead to increased morbidity and mortality in critically ill children and have been used as quality improvement (QI) and patient safety indicators (5) .
Previous studies have demonstrated that airway events might be associated with ICU outcomes such as length of stay in critically ill children. Extubation failure in infants after cardiac surgery is associated with a significantly longer ICU stay (6) . Children experiencing an unplanned extubation during their PICU course have increased length of stay in both the PICU and the hospital (7) . What remains unclear is whether factors around the time of intubation itself contribute to these clinical outcomes: length of PICU stay or mechanical ventilation (MV), and mortality in the critically ill children.
To date, no studies have shown an association between immediate events such as TIAEs or peri-intubation oxygen desaturation and important clinical outcomes in critically ill children. We hypothesized that the occurrence of TIAEs or peri-intubation oxygen desaturations is associated with ICU outcomes: PICU mortality, longer length of PICU stay, and longer length of MV. We also hypothesized that the occurrence of any TIAE alone is associated with these ICU outcomes. Finally, we hypothesized the occurrence of severe TIAE alone is associated with these ICU outcomes. We used data from the National Emergency Airway Registry for Children (NEAR4KIDS) Network, a prospective multicenter QI intubation safety registry, to investigate the impact of TIAEs and oxygen desaturations on clinical outcomes.
METHODS

Study Design and Setting
We performed a retrospective analysis of prospectively collected observational data on TIs from 35 PICUs in the NEAR-4KIDS Network. Participating sites were enrolled through the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) Network (8) . Institutional Review Board approval was obtained at each participating site.
Study Participants
Patients under 18 years old admitted to a participating PICU from January 2013 to June 2015 were included in the analysis if they underwent primary TI in the PICU and had documented ICU outcomes. TIs to replace an existing tracheal tube (tracheal tube change) were excluded.
Data Collection
Data were extracted from the multicenter NEAR4KIDS database for all TIs occurring in participating PICUs. The NEAR-4KIDS database was developed by members of the PALISI Network in collaboration with NEAR4KIDS and the National Emergency Airway Registry investigators to improve advancedairway management for critically ill children (9, 10) . The data collection form was developed and piloted in a single tertiary care PICU and adapted by NEAR4KIDS Network investigators for the multicenter investigation (2, 9) .
Collected data included patient demographics (age, weight, sex), patient severity of illness (Pediatric Index of Mortality 2 [PIM2]), patient history (illness category, cyanotic heart disease), patient assessment (indication for TI, airway examination), airway management approach and medications, and adverse events. Each site leader developed a site-specific compliance plan to ensure greater than 95% capture rate for intubation encounters performed in the PICU. Two NEAR4KIDS compliance officers were responsible for review and approval for each site's plan prior to the start of data collection. Site leaders subsequently reviewed their PICU intubation encounters and recorded PICU mortality, duration of PICU stay, and duration of MV for each patient.
Definitions and Outcome Measures
The NEAR4KIDS operational definition team defined adverse TIAEs a priori with two categories: nonsevere TIAEs and severe TIAEs (2, 9, 11). Severe TIAEs included cardiac arrest, esophageal intubation with delayed recognition, emesis with witnessed aspiration, hypotension requiring intervention, laryngospasm, malignant hyperthermia, pneumothorax, pneumomediastinum, or direct airway injury. Nonsevere TIAEs included mainstem bronchial intubation, esophageal intubation with immediate recognition, emesis without aspiration, hypertension requiring therapy, epistaxis, dental or lip trauma, medication error, arrhythmia, and pain or agitation requiring additional medication and causing a delay in intubation. Emesis was coded when gastric content was noticed in the oropharynx during airway management. Peri-intubation oxygen desaturation was defined as Spo 2 less than 80% during an intubation attempt, when the highest documented Spo 2 was greater than 90% after preoxygenation.
An airway management encounter, course, and attempt were defined a priori to improve reporting of intubation events (2) . "Encounter" was defined as one completed advanced-airway management event, including intubation, for a patient. "Course" was defined as one method of TI and one set of medications. "Attempt" was defined as a single advanced airway maneuver and ending when the device is removed.
Primary outcomes were PICU mortality, duration of PICU stay, and duration of MV. Duration of PICU stay and MV were reported as number of days with 0-24 hours = 0, 25-48 hours = 1, 49-72 hours = 2, etc. If a patient failed extubation within 24 hours, it was not considered a successful extubation. Duration of MV was determined by time (in days) between TI and successful extubation.
Statistical Analysis
Statistical analysis was performed using STATA 11.2 and 14.0 (StataCorp, College Station, TX). Data are presented as mean ± sd or median (interquartile range [IQR]) where appropriate. Univariate analysis for categorical variables was performed using chi-square test. Wilcoxon signed rank test was used for comparison of nonparametric variables. For multivariate analysis, logistic regression was used to identify independent associations between PICU outcomes and categorical variables. Linear regression was similarly used to identify independent associations between PICU outcomes and continuous variables. Natural log transformation was performed to ensure normality.
A multivariable regression model with the occurrence of any TIAEs or desaturation to Spo 2 less than 80% as an exposure variable included patient-level covariates associated with occurrence of any TIAEs or desaturation to Spo 2 less than 80% (age, PIM2, diagnosis, indication for respiratory failure, shock, procedural, upper airway obstruction, pulmonary toilet [suctioning and clearance of secretions], history of difficult airway, and symptom of upper airway obstruction). p value of less than or equal to 0.1 was used for inclusion criteria except for PIM2.
A multivariable regression model with any adverse TIAE included patient-level covariates associated with occurrence of any TIAE (diagnosis, indication for respiratory failure, shock, procedural, indication for therapeutic hyperventilation, history of difficult airway, and symptom of upper airway obstruction), age and PIM2 score. p value of less than or equal to 0.1 was used for inclusion criteria except age and PIM2 which were decided a priori.
A multivariable regression model with severe TIAE included covariates associated with occurrence of severe TIAE (age, diagnosis, indication for respiratory failure, shock, procedural, loss of airway protection, and symptom of upper airway obstruction) and PIM2 score; p value of less than or equal to 0.1 was used for inclusion criteria. Finally, sensitivity analyses were performed by repeating the above multivariable regression with a limited TI dataset from the sites that reported greater than 95% of PICU outcome data (i.e., missing data < 5%). Table 1) . The completeness of outcomes data (PICU mortality, PICU length of stay, duration of MV) ranged from 78% to 81% for all TI encounters. The majority of TIs (46%) were performed in infants less than 1 year of age, followed by children 1-7 years old (33%) and older children (21%). Demographics and clinical factors associated with TIAEs are outlined in Table 1 . There were statistically significant differences in age, diagnostic category, indication for TI, and upper airway obstruction between the group with TIAE or desaturation to Spo 2 less than 80% and no event group (Table 1) . Infants had a higher frequency of TIAE or desaturation to Spo 2 less than 80%, as did children with a respiratory indication for TI. There were no significant differences in the PIM2 scores between event and nonevent groups.
Outcomes
The PICU mortality data were available in 4,471 (81%) of all 5,504 entered TI encounters. Among those reported, the PICU mortality was 9.6% (430/4,471 encounters). The overall median duration of PICU stay after TI was 12 days (IQR, 6-16 d) in 4,318 (78%) TI encounters. Data on duration of MV after TI encounter were available in 4,349 (79%) of TI encounters. The overall median MV duration was 4 days (IQR, 1-8 d).
Univariate Analyses
The occurrence of TIAE or desaturation to Spo 2 less than 80% was associated with longer duration of MV (5 vs 3 d; p < 0.001) and longer PICU stay (14 vs 11 d; 
Multivariable Analyses
A multivariable analysis for individual ICU outcomes (PICU mortality, duration of PICU stay, and duration of MV) was performed, in which we accounted for patient-level factors associated with the occurrence of TIAEs as described in Table 1 and outlined in the legend of Table 3 . In this regression model, only the occurrence of severe TIAEs was independently associated with increased PICU mortality (odds ratio = 1.80; 95% CI, 1.24-2.60; p = 0.002). The occurrence of any TIAE or desaturation to Spo 2 less than 80% was not associated with an increase in PICU mortality.
The occurrence of TIAE or desaturation to Spo 2 less than 80% was associated with an increase in the duration of MV (12% above baseline; p = 0.004). None of the immediate events (any TIAEs, severe TIAEs, or desaturation to Spo 2 < 80%) were independently associated with the duration of PICU stay.
Sensitivity analyses with a limited TI dataset from sites that reported greater than 95% of PICU outcome data revealed similar results except that severe TIAEs were independently associated with duration of PICU stay (16% increase, p = 0.049), as shown in Supplemental Table B (Supplemental Digital Content 2, http://links.lww.com/PCC/A381). Table 4 demonstrates the result of multivariable analyses for duration of MV. The occurrence of TIAE or desaturation to Spo 2 less than 80% was independently associated with an increase in duration of MV. The PIM2 score, PICU admission diagnosis as respiratory disease, respiratory failure, or pulmonary toileting (suctioning and clearance of secretions) as an indication for TI were associated with longer duration of MV. Procedural indication or indication for upper airway obstruction was both associated with shorter duration of MV. Table 5 demonstrates the result of multivariable analyses with severe TIAE as an exposure variable and PICU mortality as an outcome variable. The occurrence of severe TIAE was independently associated with higher PICU mortality. Older age, PIM2 score, cardiac disease, and hemodynamic instability as a TI indication were also associated with higher PICU mortality. Upper airway obstruction or procedural indication as a TI indication was independently associated with lower PICU mortality.
DISCUSSION
Using data from the NEAR4KIDS Registry database, we have shown that adverse events at the time of TI in the PICU, including oxygen desaturation to Spo 2 less than 80%, are associated with important clinical outcomes. On univariate analysis, the combined event of TIAE or desaturation to Spo 2 less than 80%, as well as any TIAE (severe or nonsevere), is associated with duration of MV, whereas severe TIAEs are associated with duration of MV and PICU stay as well as mortality. On multivariable analysis, TIAE or desaturation to Spo 2 less than 80% is associated with duration of MV and severe TIAEs are associated with mortality even after we adjusted for patientlevel confounders including severity of illness.
The association of TIAE or desaturation to Spo 2 less than 80% with clinical outcomes raises several important questions. First, can future interventions reduce the occurrence of oxygen desaturations and TIAEs for critically ill children undergoing TI? Second, will these interventions reducing the occurrence of desaturation and TIAEs lead to better ICU outcomes?
In response to the first question, the NEAR4KIDS Network has developed and implemented a TI safety bundle checklist that is currently being evaluated. The bundle was developed by a multidisciplinary QI committee and includes risk factor assessment, TI plan generation, a preprocedure time-out to ensure appropriate preparation, and a postprocedure huddle to identify opportunities for QI (5) . It has been recognized that difficult TIs are associated with a higher frequency of desaturations below 80% and adverse TIAEs; recognition prior to intubation may help the team be better prepared and potentially reduce TIAEs (12) . The NEAR4KIDS Network is considering future QI interventions to decrease the frequency of TIAEs and oxygen desaturations in critically ill children. These interventions include apneic oxygenation and video laryngoscopy.
Apneic oxygenation, a method to provide oxygen during laryngoscopy, has been suggested as a possible intervention to decrease desaturation during TI. Adult study results are conflicting as to b n = 3,841 for ICU mortality and overall model was significant (p < 0.0001). n = 3,718 for ICU length of stay and overall model was significant (p < 0.0001), R 2 = 0.1201. n = 3,192 for duration of mechanical ventilation, overall model was significant with p < 0.0001, R 2 = 0.0515. This model included the following patient-level covariates associated with any TIAE (age, PIM2 score, diagnosis category, indication, history of difficult airway, upper airway obstruction). c n = 3,841 for ICU mortality and overall model was significant (p < 0.0001). n = 3,718 for ICU length of stay and overall model was significant (p < 0.0001), R 2 = 0.1189. n = 3,192 for duration of mechanical ventilation, overall model was significant with p < 0.0001, R 2 = 0.0512. This model included the following patient-level covariates associated with severe TIAE (age, PIM2 score, diagnosis category, indication, upper airway obstruction). Total: n = 4,671. A multivariable regression model for each event category (any tracheal intubation associated event [TIAE] or desaturation < 80%, any TIAE, or severe TIAE) included patient-level covariates associated with event category. Each three event category was used an independent variable and each three outcome variable (ICU mortality, duration of ICU stay, and duration of mechanical ventilation) was used a dependent variable; therefore, this table demonstrates results from a total of nine multivariable logistic regression models. The analysis with Any TIAE or desaturation versus duration of mechanical ventilation shown at the top right corner is further described in details in Table 4 . The analysis with severe TIAE versus ICU mortality shown at the bottom left corner is described in details in Table 5 . Statistically significant association (p < 0.05) are indicated in boldface font.
whether apneic oxygenation improves clinical outcomes (13) (14) (15) (16) (17) (18) (19) . The adult studies that are supportive of apneic oxygenation to date have included high-risk patients but have been observational or had small numbers (13, 15, (17) (18) (19) . Apneic oxygenation for TI in critically ill children has not yet been studied.
Video laryngoscopy is another technique which may be considered as a possible method to decrease TIAEs. Video laryngoscopy has been shown to be a reasonable alternative to direct laryngoscopy for pediatric patients (20, 21) . However, a meta-analysis demonstrated that although video laryngoscopy improved glottic visualization in pediatric patients, the improved visualization was at the expense of a longer time to successful TI and an increase in the TI failure rate (22) . The role of video laryngoscopy in TIs in the PICU requires further investigation.
The NEAR4KIDS collaborative has also implemented the checklist to ensure the skillset of the airway provider matches to the risk of TIs (5). Allowing a less-experienced trainee to attempt TI in an emergency situation places the child at increased risk of adverse TIAEs. Multiple attempts at intubation are also associated with increased risk of TIAEs (23) . There is an increased frequency of adverse TIAEs when the initial person to attempt TI is a resident rather than a critical care fellow (24) . Emergent TIs are a common occurrence in the PICU and are associated with TIAEs (25) , in contrast to the operating room, where conditions are controlled, and the intubation is more often nonemergent. The safety of the child requires a more experienced physician to attempt TI initially, potentially leading to fewer opportunities for a trainee to obtain the necessary experience to perform the procedure skillfully. Alternative methods of training, including simulation and controlled settings for elective TI, may be necessary before allowing residents to perform TI in a critically ill child.
To answer the second question, well-thought QI intervention plans and diligent execution with apneic oxygenation, video laryngoscopy with an updated airway safety checklist, Patients may have more than one indication for tracheal intubation. Total: n = 3,192. Overall p < 0.001, R 2 = 0.0581. A multivariable linear regression model for tracheal intubation associated event (TIAE) or desaturation < 80% included covariates associated with occurrence of TIAE or desaturation < 80% (age, diagnosis, indication for respiratory failure, indication for shock, procedural indication, indication for upper airway obstruction, indication for therapeutic hyperventilation, indication for pulmonary toileting [suctioning and clearance of secretions], and difficult airway features including history of difficult airway and symptom of upper airway obstruction) and Pediatric Index of Mortality 2 score. The duration of mechanical ventilation is normalized by natural log transformation. The association with occurrence of TIAE or desaturation < 80% in univariate analysis with p ≤ 0.1 was used for covariates inclusion criteria. Statistically significant association (p < 0.05) are indicated in boldface font.
and a robust statistical analysis to evaluate the effect of these QI interventions on ICU outcomes are essential.
Our study has several limitations. Only about 80% of the TI reports included ICU mortality, length of PICU stay, and the duration of MV. The data were self-reported, which could introduce reporter bias. Although site-specific compliance plan was in place to ensure complete and accurate reporting, the individual data reported were not reviewed by persons outside each institution. Importantly, under-adjustment of risk factors as confounders may have biased our results. It is possible that the occurrence of desaturation or adverse TIAEs is simply an epiphenomenon in the association between a patient risk factor (e.g., severity of respiratory illness) and ICU outcomes. However, after we adjusted for patient-level confounders including severity of illness and indication for TIs (procedural vs urgent/emergent), the association between desaturation or TIAEs and the duration of MV remained significant. Because this was an observational study, unmeasured confounders may also have affected the results, and we were not able to control for them. Finally, we analyzed the data with composite TI events (i.e., any TIAE or desaturation, any TIAE, severe TIAE) as a priori decided. Each component of TIAEs, however, likely has a different weight in association with patient ICU outcomes, and we were not powered to delineate this difference.
CONClUSIONS
Oxygen desaturations and TIAEs are common with TI in the PICU and are associated with longer duration of MV. Severe TIAEs are also associated with mortality. Although implementing QI interventions to reduce desaturation and TIAEs has its own face value, given the association between these immediate TI events and worse ICU outcomes could be noncausal, the clinical impact of future QI interventions should be rigorously evaluated whether these interventions would actually improve patient ICU outcomes. Patients may have more than one indication for tracheal intubation. Total: n = 3,841. Overall p < 0.0001, pseudo R 2 = 0.0732. A multivariable regression model for severe tracheal intubation associated event (TIAE) included covariates associated with occurrence of severe TIAE (age, diagnosis, indication for respiratory failure, shock, procedural, loss of airway protection, and symptom of upper airway obstruction) and Pediatric Index of Mortality 2 score. The association with occurrence of severe TIAE in univariate analysis with p ≤ 0.1 was used for inclusion criteria for multivariable logistic regression model. Statistically significant association (p < 0.05) are indicated in boldface font.
